INTRODUCTION 38
The transcriptional output of all organisms was recently found to be more complex than originally 39 imagined, as the majority of the genomic content is pervasively transcribed into a diverse range of 40 regulatory short and long non-protein coding RNAs (ncRNAs) ( of lncRNAs localize inside the nucleus, either enriched on the chromatin or restricted to specific 50 nucleoplasmic foci (Engreitz et al., 2016; Sun et al., 2018) . In this location, they have the capacity to 51 control the expression of neighbouring (in cis) or distant (in trans) genes by regulating their chromatin 52 environment and also acting as structural scaffolds of nuclear domains (Kopp and Mendell, 2018) . 53
Among the most important functions proposed for cis-acting lncRNAs, there is their ability to 54 regulate transcription by recruiting repressing or activating epigenetic complexes to specific genomic 55 loci (Huarte et al., 2010; Maamar et al., 2013; McHugh et al., 2015; Wang et al., 2011) . 56
In muscle, high-throughput transcriptome sequencing (RNA-seq) and differential expression analyses 57 have facilitated the discovery of several lncRNAs that are modulated during the different stages of 58 skeletal myogenesis and dysregulated in muscle disorders (Ballarino et al., 2016; Lu et al., 2013; 59 Zhao et al., 2019) . Although the roles of these transcripts have been partially identified, we are still 60 far from a complete undestanding of their mechanisms of action. For instance, the knowledge of the 61 lncRNAs impact on adult muscle stem cells (MuSCs) biology is partial and only a few examples have 62 been characterized as functionally important. In the cytoplasm, the lncRNA Lnc-mg has been shown 63 to regulate MuSC differentiation by acting as a sponge for miR-125b (Zhu et al., 2017) . In the nucleus, 64 the lncRNA Dum was found to promote satellite cells differentiation by recruiting Dnmts to the 65 developmental pluripotency-associated 2 (Dppa2) promoter, leading to CpG hypermethylation and 66 silencing (Wang et al., 2015) . In mouse, we have previously identified several lncRNAs specifically 67 expressed during muscle in vitro differentiation and with either nuclear or cytoplasmic localization 68 (Ballarino et al., 2015) . Among them, we found lnc-Rewind (Repressor of wnt induction), a 69 chromatin-associated lncRNA conserved in human and expressed in proliferating C2C12 myoblasts. 70
Here, we provide evidence on the role of lnc-Rewind in the epigenetic regulation of the WNT 71 both at transcriptional and post-transcriptional levels (Zarkou et al., 2018) . Here, we provide evidence 80 that lnc-Rewind associates with the H3K9 methyltransferase G9a to regulate the deposition of 81
H3K9me2 in cis on the nearby Wnt7b gene. Our data show that lnc-Rewind expression is necessary 82 to maintain Wnt7b repressed and to allow MuSCs expansion and proper differentiation. 83
84

RESULTS 85
Lnc-Rewind is a conserved chromatin-associated lncRNA expressed in satellite cells. 86
In an attempt to uncover novel regulators of MuSCs activity, we decided to take advantage of the 87 atlas of newly discovered lncRNAs, that we previously identified as expressed in proliferating muscle 88 cells (Ballarino et al. 2015) . Among them, we focused on lnc-Rewind, which is a lncRNA enriched 89 shown below. C) Real-time RT-PCR (qRT-PCR) quantification of lnc-Rewind in myoblast (C 2 C 12 ) and muscle satellite cells (MuSCs) in growth (GM) and differentiated (DM) conditions. Data represent the mean ± SEM of 3 biological replicates and were normalised on GAPDH mRNA. D) Semiquantitative RT-PCR (sqRT-PCR) quantification of lnc-Rewind in cytoplasmic (Cyt) and nuclear (Nuc) fractions from proliferating C2C12 and MuSCs. The quality of fractionation was tested with mature (GAPDH) and precursor (pre-GAPDH) RNAs. E) RNA-FISH analysis for lnc-Rewind RNA (red) in proliferating MuCS cell culture. Autofluorescence (grey) is shown with false color to visualize the cell body. DAPI, 4',6-diamidino-2-phenylindole (blue); Scale bar: 25 µm. F) Digital magnification and 3D-visualization of the square insert in panel E. Asterisks indicate lnc-Rewind RNA signals inside the nuclear volume. DAPI, 4',6-diamidino-2-phenylindole (blue). Data information: *P<0.05, paired Student's t-test.
Lnc-Rewind regulates muscle system processes and MuSCs expansion. 114
To gain insights into the functional role of lnc-Rewind and to identify the molecular pathways 115 involved in the regulation of MuSC, we performed a global transcriptional profiling on satellite cells 116 treated either with a mix of three different LNA GapmeRs against lnc-Rewind (GAP-REW) or with 117 a scramble control (GAP-SCR) (n=4) (Figure S2A , upper panel). Under these conditions, we 118 obtained ~70% reduction of lnc-Rewind expression ( Figure S2A , lower panel), which led to the 119 identification of a set of 1088 Differentially Expressed Genes (DEGs) (p<0.05, GAP-SCR vs GAP-120 REW). Of these, 332 were upregulated and 756 downregulated in GAP-REW as compared to the 121 scramble condition (Figure 2A and Table S1 ). The PCA clustering analysis showed that the two 122 GAP-SCR and GAP-REW experimental groups displayed a clear different pattern of gene expression 123 since they occupy different regions of the PCA plot ( Figure S2B) . The prioritized DEGs list was then 124 subjected to Gene ontology (GO) term enrichment analysis (Biological process) to define functional 125 clusters. It emerged that DEGs were mostly associated with muscle cell physiology (skeletal muscle 126 contraction, P-value= 4.23E-6) ( Figure 2B and Figure S2C ). Of note, the analysis of lnc-Rewind 127 generated miRNAs (let7b and let7c2) revealed that although lnc-Rewind depletion results on their 128 concomitant downregulation (Figure S2D) , none of the up-regulated transcripts that are also putative 129 let7b and let7c2 targets (~1% of the up-regulated genes) ( Figure S2E ), belong to any of the GO 130 enriched categories. This result emphasizes a specific and miRNA-independent role for lnc-Rewind. 131 differentiation. In line with this hypothesis, EdU incorporation experiments revealed a striking 140 reduction of proliferating MuSCs upon depletion of Lnc-Rewind (Figure 2E) . Accordingly, the 141 Ccnd3 gene encoding for Cyclin D3, a cyclin specifically involved in promoting transition from G1 142 to S phase, was significantly downregulated in lnc-Rewind-depleted MuSCs at both transcript ( Table  143 S1) and protein levels ( Figure 2D) . In further support of this, MuSCs on single myofibers cultured 144 for 96 hours gave rise to a decreased percentage of proliferating (Pax7 + /Ki67 + ) progeny upon lnc-145
Rewind downregulation ( Figure 2F) 
Lnc-Rewind and Wnt7b genes display opposite pattern of expression. 151
Together with the muscle-specific genes, the "regulation of Wnt signaling pathway" term caught our 152 attention as it was represented by a significant subset of trancripts (P-value= 5.44E-4, Figure S2C ). 153
Among them we found Wnt7b, which expression was found upregulated at both transcript (Table S1 ) 154 and protein level (Figure S2G ), suggesting a role for Lnc-Rewind as a repressor of Wnt7b expression. Taken together, these results support a mechanism of action through which in MuSCs Lnc-Rewind 208 promotes Wnt7b repression, we decided to investigate the involvement of the two major repressive 238 histone modifiers, Ezh2 and G9a, in mediating such Lnc-Rewind-dependent silencing. Notably, by 239 performing two different biochemical approaches (RIP and CLIP), we found that only G9a, 240 specifically interacts with Lnc-Rewind (Figure 4A-B) . This strongly suggests that this histone H3K9 241 lysine methyltransferase (KMT) might be specifically tethered on Wnt7b genomic locus by Lnc-242
Rewind to mediate its transcriptional repression. In support to this idea, through H3K9me2 ChIP 243 experiments here we provide evidence that different regions upstream Wnt7b locus are enriched in 244 the G9a-deposited histone mark in proliferating MuSCs and that H3K9me2 levels on these regions 245 significantly decrease upon lnc-Rewind knockdown (Figure 4C) (Figure 2E-F-G) . (Figure 2E-F-G) , emphasizing that Lnc-Rewind-mediated 258 repression of Wnt7b is key in ensuring MuSCs activity. This is nicely supported by a previous study 259 demonstrating that, in the cytoplasm, a Wnt7b/lncRNA circuitry controls the proliferation of C2C12 260 myoblasts. Specifically, Lu and colleagues demonstrated that the YY1-associated muscle lincRNA 261 (Yam-1) inhibits skeletal myogenesis through modulation of miR-715 expression, which in turn 262 targets Wnt7b mRNA (Lu et al., 2013) . In sum, our results support a mechanism of action through 263 which Lnc-Rewind mediates G9a recruitment on Wnt7b locus to silence it through the deposition of 264 the repressive mark H3K9me2 during the proliferation phase of satellite cells (Figure 4D) 
Ethics statement and animal procedures 377
For the experiments described in this study, C57/BL10 wild-type mice were used and differences 378 which were observed in both male and female mice were included in experiments. Animals were 379 treated in respect to housing, nutrition and care according to the guidelines of Good laboratory 380 Practice (GLP). All experimental protocols were approved and conformed to the regulatory standards. 381
All animals were kept in a temperature of 22°C ± 3°C with a humidity between 50% and 60%, in 382 animal cages with at least 5 animals. 383 384
Cell preparation and FACS sorting 385
Cell isolation and labeling was essentially performed as described in (Mozzetta, 2016) . Isolation of 386 cells from two months old C57/Bl10 WT mice was performed as follows: briefly, whole lower 387 hindlimb muscles were carefully isolated, minced and digested in PBS (Sigma) supplemented with 388 Freshly sorted cells were plated on ECM Gel (Sigma)-coated dishes in Cyto-grow (Resnova) 412 complete medium as a growth medium (GM) and cultured at 37°C and 5% CO2. After 5 days in GM, 413 SCs were exposed, generally for 2 days, to differentiation medium (DM) consisting of DMEM with 414 5% Horse Serum (HS). Cells were counted on DAPI-stained images using the ImageJ tool "Multi GapmeRs were designed against Lnc-Rewind sequence using the Exiqon web tool 420 (http://www.exiqon.com/ls/Pages). Negative Control A (Euroclone) was used as negative (Scramble) 421 control. Sequences are reported in Table S2  422 For EdU (Invitrogen) detection cells were incubated for 6h and stained using Click-iT TM EdU Alexa 423
Flour TM 594 HCS Assay (Invitrogen) according to the manufacturer's instructions. 424 425
Single myofibers isolation and immunofluorescence 426
Single myofibers were isolated from Extensor digitorum longus (EDL) muscles of C57/Bl10 mice 427 and digested in 2mg/ml Collagenase I (Sigma) for 1 h at 37 °C, gently shacked every 10 minutes. 428
Single fibers were obtained gently triturating the digested EDL muscles using a glass pipette in 429 DMEM supplemented with 10% HS (horse serum). The myofibers were manually collected under a 430 dissecting microscope and cultured in DMEM + Pyr with 20% FBS, 2,5 ng/ml FGF (Gibco) and 1% 431
Chick Embryo Extract (CEE) (Life Science Production). Downregulation of Lnc-Rewind expression 432 was performed 4 h after plating with one round of transfection, as described above. The fibers were 433 incubated for 24h with EdU (Invitrogen) and were analyzed 96h after plating. 434
For EdU detection cells were stained using Click-iT TM EdU Alexa Flour TM 594 HCS Assay 435 (Invitrogen) according to the manufacturer's instructions. 436
For the immunofluorescence, the single myofibers were fixed with 4% paraformaldehyde in PBS for 437 20 min at RT, permeabilized with 0.5% Triton X-100 in PBS, and blocked with 10% FBS in PBS for 438 1 h at RT. Primary antibodies (Pax7 (DSHB, Pax7-s) 1:10 and Ki67 (Abcam, ab15580) 1:100) were 439 diluted in 10%FBS-PBS and incubated overnight at 4°C. After incubation for 1h with the appropriate 440 secondary antibodies (Alexa Fluor 488 or 594 (Thermo Fisher)), nuclei were counterstained with 441 DAPI (Sigma) and fibers were mounted on cover-glasses. Images were taken with Axio Observer 442 microscope (ZEISS) and processed with ZEN 3.0 (Blue edition) software. 443
RNA Imaging 445
Lnc-Rewind in situ hybridization analyses were performed as previously described (Rossi et al., 446 2019 
